The c-fos proto-oncogene is activated by tran sient cerebral ischemia. This activation may signify a spe cific genetic response to ischemia affecting tolerance to ischemia and ultimate cell survival. Hyperglycemia, which enhances brain injury from transient ischemia, was studied for its effects on this gene system in gerbils by measuring c-fos mRNA 2 h after 20 min of bilateral ca rotid artery occlusion. Brain c-fos mRNA was increased by ischemia (11.7 ± 5.0, p ",:; 0.05, fold increase) com pared to nonischemic controls 0.0 ± \.3). Pretreatment
Hyperglycemia increases brain damage produced by transient cerebral ischemia (Siemkowicz and Hansen, 1978; Kalimo et aI., 1981; Pulsinelli et aI., 1982) . The mechanism responsible for this well established phenomenon is not fully understood. Since hyperglycemia increases brain lactate (Rehn crona et aI., 1981; Combs et aI., 1990) and acidosis (Siemkowicz and Hansen, 1981; Kraig et aI., 1985; Smith et aI., 1986; Combs et aI., 1990) during the ischemic insult, much attention has been focused upon these two events as potential mediators of this damage. Such focus is quite reasonable given that blockade of glycolysis reduces hyperglycemia enhanced cerebral ischemic mortality (Combs et aI., 1986) . Nevertheless, it remains unclear how in creased lactate and acidosis brings about the greater cerebral ischemic damage.
with 1 g/kg of glucose partially reduced postischemic c-fos mRNA (6.3 ± 1.6, p ",:; 0.05) while 4 g/kg of glucose completely suppressed postischemic c-fos expression (0.7 ± 0.3, p ",:; 0.05). These data indicate that hyperglycemia suppresses normal postischemic gene expression and sug gest the possibility that such suppression is a predictor or even a contributor to hyperglycemia-enhanced ischemic brain damage. Key Words: Cerebral ischemia-Hyper glycemia-c-fos-mRNA-Gene expression-Gerbil.
The c-fos gene is an immediate--early gene and generates a protein product that participates in al teration of target gene transcription rates (Morgan and Curran, 1989) . In vitro experiments with the rat pheochromocytoma PC 12 cell line indicates that cholinergic agonists (Greenberg et aI., 1986) , nerve growth factor (Greenberg et aI., 1985; Curran and Morgan, 1985) , and calcium via voltage-sensitive channels (Morgan and Curran, 1986 ) activate the c-fos gene as indicated by c-fos mRNA or protein expression. Activation of excitatory amino acid re ceptors can also increase c-fos mRNA in primary cultures of rat cerebellar granule cells (Szekely et aI., 1987) . The F os protein translated from c-fos mRNA participates in the regulation of gene tran scription at a site common to many genes and may therefore play a role in regulating target genes par ticipating in adaptive r�sponses (Morgan and Cur ran, 1989) . Activation of neural pathways in vivo stimulates c-fos protein production (Hunt et aI., 1987; Sagar et aI., 1988) and cerebral ischemia in creases c-fos mRNA levels (Jorgensen et aI., 1989; Onodera et aI., 1989; Kindy et aI., 1991) , suggesting a role for immediate--early genes in the response of neural tissue to normal and injurious stimuli. AI-though the role of the c-fos gene in the cell's re sponse to ischemia is not known, its potential to alter expression of a number of genes suggests the possibility that it participates in a genetic signal pro duced in response to injury as part of a survival mechanism. In this study, the brain levels of c-fos mRNA 2 h after 20 min of bilateral carotid artery occlusion were examined in normoglycemic and hy perglycemic gerbils.
MATERIALS AND METHODS

Animal model
Male Mongolian gerbils were fasted overnight prior to all experiments. The gerbils were anesthetized with a combination anesthetic (87 mg/kg of ketamine hydrochlo ride, 13 mg/kg of xylazine i.p.) and supplemented as needed to maintain anesthesia for the duration of the ex periment. Neuroprotective effects of ketamine and other anesthetic agents have been noted. These studies are therefore controlled with sham-operated anesthetized but nonischemic animals. Using this technique, we have pre viously characterized the utility of this model for studies of ischemia and infarct size, metabolic activity, magnetic resonance (MR) spectroscopy, and immunohistochemis try (Dempsey et aI., 1988 (Dempsey et aI., , 1990 Combs et aI., 1990; Cos tello et aI., 1990) . Both common carotid arteries were isolated via a lateral incision and a suture was placed around each artery for easy manipulation.
Gerbils subjected to ischemia were treated with intra peritoneal injections of saline, I g/kg of glucose, or 4 g/kg of glucose. All solutions were made up in 0.9% saline and the total volume given was 10 mt/kg for all animals. Thirty minutes after treatment, bilateral carotid artery occlusion with vascular clips was performed and maintained for 20 min. After 20 min of ischemia, the vascular clips were removed. Following a 2 h reperfusion period, the anes thetized gerbils were decapitated and blood was collected from the body trunk into a heparinized tube. The brain was removed from the cranium and the cortical tissue placed in liquid nitrogen. The brain samples were stored in a -70°C freezer for later measurement of c-fos mRNA levels. Body temperature was maintained at 37-38°C throughout the experiment using a water blanket and an incandescent bulb. Heparinized blood samples from the trunk were centrifuged and a 100 fl.l sample of plasma was analyzed for glucose using the Seralyzer (Ames Division, Miles Laboratories, Inc., Elkhart, IN, U.S.A.).
Isolation of RNA and Northern blot analysis
Total cellular RNA was isolated from gerbil brains as described by Chirgwin et al. (1979) . Briefly, the cortex was homogenized in guanidine thiocyanate (10 mt/g of tissue) and nucleic acids were precipitated with ethanol, followed by two ethanol precipitations in guanidine hy drochloride. RNA was analyzed for specific gene expres sion by electrophoresis through 1.0% agarose, 2.2 M formaldehyde gels (Maniatis et aI., 1982) and visualized by ethidium bromide staining of gel. The RNA gels were treated with 50 mM NaOH for 20 min, and then neutral ized in 0.1 M Tris (pH 7.4) for 20 min and impregnated with 20x SSC (standard saline citrate; 3 M NaCl, 0.3 M sodium citrate) for I h. The RNA was transferred to ni trocellulose and hybridized in 50% formamide, 100 fl.g/ml J Cereb Blood Flow Metab. Vol, 12, No.1, 1992 of denatured salmon sperm DNA, 5x Denhardt's (0.1% bovine serum albumin, 0.1% ficoll, and 0.1% polyvi nylpyrrolidine), 0.1 % sodium dodecyl sulfate (SDS), 20 mM sodium phosphate (pH 6.8), and I M NaCI with 32p_ labeled cDNA probe (1 x 106 cpm/m!) for 12-16 h at 42°C. The blots were washed twice in 2 x SSC, 0.1 % SDS and twice in I x SSC, 0.1 % SDS for 30 min each at 68°C. Resulting blots were visualized by autoradiography. A cDNA probe for human c-fos (Sassone-Corsi et aI., 1988) was prepared by isolation of excised fragment and ran dom primer labeled using the method of Fienberg and Vogel stein (1982) . The relative amounts of c-fos mRNA in each brain was quantified using densitometry and ex pressed as the fold increase above the c-fos mRNA read ing among control (nonischemic), saline animals (normal ized to 1.0). Autoradiograms were quantitated by a LKB Ultrascan XL Enhanced Laser Densitometer (Bromma, Sweden) in optical density units.
Statistical analysis
All data were analyzed across treatment groups using one-factor analysis of variance (ANOV A). If p :;s; 0.05 for the ANOV A, group comparisons were made using the Fisher's protected least significant difference with p :;s; 0.05 being considered significant. All analyses were done on a Macintosh SE computer (Apple Computer, Inc., Cu pertino, CA, U.S.A.) using the Stat View 512 + statistical package (BrainPower, Inc., Agoura Hills, CA, U.S.A.). Table 1 shows the body weights and plasma glu cose for all five groups. There was no significant difference between the body weight for the five groups by one-factor ANOV A. The plasma glucose at 2 h postischemia was different between all groups (p :;s; 0.05) except those that received the same in jection.
RESULTS
To address the changes in specific mRNA levels at 2 h postischemia, RNA was isolated from the cortex and examined for c-fos mRNA. Previous data in this model demonstrated that c-fos mRNA remains elevated for at least 3 h postischemia (Kindy et aI., 1991) , and in this preparation the peak c-fos mRNA was at 2 h. Therefore, 2 h was chosen to analyze both glucose and c-fos mRNA levels.
The relative tissue levels of c-fos mRNA in brain for all groups are graphed in Fig. 1 . The ischemic, saline group was significantly greater (11.7 ± 5.0) than either of the control groups (saline: 1.0 ± 1.3, glucose: 0.5 ± 0. 1, p � 0.05). Ischemic gerbils treated with 1 g/kg of glucose had significantly lower brain levels of c-fos mRNA (6.3 ± 1.6, p � 0.05) than the ischemic, saline animals although mRNA levels were still greater than either control group. Maximum suppression of c-fos mRNA was observed for the ischemic gerbils receiving 4 g/kg of glucose (0.7 ± 0 . 3). These levels were significantly less than the other two ischemic groups (p � 0.05) and no different from either of the nonischemic groups. Figure 2 is a representative autoradiogram of the changes in c-fos mRNA following glucose administration and ischemia. Actin mRNA levels were measured in the different groups and no de tectable change was observed (data not shown).
DISCUSSION
The stimulation of c-fos gene by transient cere bral ischemia suggests that there is a genetic re sponse of the brain to the ischemic insult. It is pos sible that this gene expression is purely an epiphe nomenon accompanying ischemic cell changes. However, we have observed an increase in c-fos expression with increased duration of the cerebral ischemic insult in unanesthetized gerbils (Kindy et aI., 1991) . Furthermore, Jorgensen et al. (1989) ob served that regional activation of c-fos mRNA in postischemic brain parallels the temporal develop ment of ischemic cell death in selectively vulnerable and ischemic (isch) animals, pretreated with saline (sal), 1 g/kg of glucose (1), or 4 g/kg of glucose (4). Twenty micro grams of RNA was examined by Northern blot analysis for gene expression using a human c-fos cDNA. A representative autoradiogram is shown.
brain regions. Relationships between the vulnera bility of the brain cells to ischemic damage and the degree of c-fos gene activation suggest that the re sponse is more specifically related to the insult. However, although hyperglycemia also increases the vulnerability of the brain to ischemic damage (Siemkowicz and Hansen, 1978; Kalimo et aI., 198 1 ; Rehncrona et aI., 198 1; Pulsinelli et al., 1982) , hyperglycemia produced a dose-dependent de crease in c-fos expression in this study. The reason for the discrepancy between hyperglycemia's effect on c-fos expression compared to the effect of is chemia duration or regional ischemic vulnerability is not known; however, such a discrepancy sug gests that the mechanism by which hyperglycemia promotes ischemic damage is unique. The significance of hyperglycemia-mediated sup pression of c-fos expression is not known. It is pos sible that hyperglycemia kills an abnormally large number of the ischemic brain cells and removes a large number of cells from the cellular pool capable of increasing c-fos expression. This is not likely given that brains were sampled just 2 h following reperfusion. In this gerbil model, we have found remarkably good recovery of intracellular pH and energy state as indicated by MR spectroscopy within 1 h of reperfusion in fed gerbils (Dempsey et aI., 1990) . Even in fasted gerbils pretreated with 4 g/kg of glucose, the intracellular pH is 6 . 8 ± 0. 11 at 2 h after 20 min of global ischemia and extensive energy recovery occurs (unpublished observations by authors). However, it is possible that although the majority of cells in the brain tissue are still alive at 2 h of reperfusion, a large proportion of them are incapable of turning on the normal genetic sequelae following brain ischemia. Therefore, the suppres sion of c-fos expression following hyperglycemic ischemia may be an indicator that an abnormally large number of brain cells will not survive the in sult and may even indicate a major mechanism by which hyperglycemia promotes increased ischemic cell death. Since acidosis stimulates the capability of cerebral tissue to generate oxygen free radicals (Siesj6 et al., 1985) , the more severe acidosis that accompanies hyperglycemia (Combs et aI., 1990) may enhance free radical production, thereby in creasing DNA damage and preventing gene activa tion in the cell.
